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SUMMARY 


_ ^investigation has been made to determine the effect of ground 
proximity on the aerodynamic characteristics of s.spect-ratio-1 firfoils 
investigation was made with the model moving over the water in a 
towing tank m order to eliminate the effects of wind-tunnel walls and 
of boundary layer on ground boards at small ground clearances. 

The results indicated that, as the ground was approached, the air- 
foiis experienced an increase in lift-curve slope and a reduction in 
m uced drag; thus, lift-drag ratio was increased. As the ground was 
fon° aC N ed ' Pr ° file drag reraain ed essentially constant for each air- 
re sultPd 6ar ? 8TOUX } d > the addi tion of end plates to the airfoil 

^ lar f^ nc f ase Hft-drag ratio. The lift character- 
n l t th ® airfoils indicated stability of height at positive angles 

of attack and instability of height at negative angles; therefore fhe 
operating range of angles of attack would be limited to positive values 
At positive angles of attack, the static longitudinal stabUUy wls 
increased as the height above the ground was reduced. 

+°?? ariS °? ° f the ex P eri mental data with Wieselsberger ' s ground- 
® ® Ct ^ NACA Technical Memorandum 77 ) indicated generally good 

agreement between experiment and theory for the airfoils without end 


INTRODUCTION 


The large thrust augmentation obtainable with annular- let confimirp 
t,ons in ground Proximity has promoted considerable interest in grfuS- 
effeet machines (GEM s) as possible transport vehicles. Although this 
hrust augmentation can be obtained in ground proximity during hovering 
the inlet momentum drag of the air required to produce the jet results®' 
relatively high drag at forward speeds and relatively low lift-drag 
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ratios (see refs. 1 and 2). The inlet momentum drag will probably have 
to be reduced if reasonably high speeds and long ranges are to be 
achieved. This drag reduction may be accomplished by transferring some 
or all of the lift from the jet thrust and base lift to something 
approaching an airplane -type wing. 

In order to obtain some data for use in predicting the performance 
of ground-effect machines at forward speeds with the annular jet and 
the inlet momentum drag completely eliminated, an investigation of the 
aerodynamic characteristics of airfoils in close proximity to the ground 
has been made in Langley tank no. 1. The investigation was made with 
the model moving over the water in the tank in order to eliminate the 
effects of wind-tunnel walls and boundary layer on ground boards at the 
small ground clearances desired. Inasmuch as most of the ground-effect 
machines built or contemplated at present have aspect ratios of 1 or 
less, the present investigation has been made on aspect-ratio-l airfoils 
only. Lift, drag, and pitching-moment data were obtained on 22-percent- 
thick and 11-percent-thick airfoils. In addition, data were obtained' 
on the 11-percent- thick airfoil with vertical end plates attached below 
the lower surface. A related investigation on wings in close proximity 
to the ground is presented in reference 3 . 


SYMBOLS 


The positive directions of the forces and moments are shown in 
figure 1. 

2 

A aspect ratio, 

s 

b airfoil span, ft 

c airfoil chord, ft 


C D 


drag coefficient. 
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lift coefficient, 
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pitching-moment coefficient. 
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change in induced drag coefficient 
airfoil drag, lb 
airfoil lift, lb 

height of c/4 above ground plane, ft 

height of trailing edge of airfoil above ground plane, ft 

airfoil pitching moment, ft- lb 

airfoil area, sq ft 

free-stream velocity, ft /sec 

angle of attack, deg 

ground- influence coefficient 

mass density of air, slugs /cu ft 

lift-drag ratio of airfoil out of ground effect 


Subscript: 
max maximum 


MODEL AND APPARATUS 


rp, 0 ? ie airfoil sections tested and ordinates are shown in figure 1. 

^L 2 ?: Pe " Cent - thick airfoil is the Glenn Martin 21 section (ref 4)' 
with the lower surface modified to have a flat bottom between the 
30- percent-chord station and the trailing edge. The ordinates of the 
11 percent-thick airfoil were obtained by dividing the 22-percent 
ordinates by 2. Both airfoils had a W- inch chorf and an Spect ratio 


fnr . Vertl J al e "d plates were attached to the 11-percent- thick airfoil 
for some of the tests. These end plates were made of l/l6-inch-thick 
sheet metal. As shown in figure 1, the end plates were flush with the 
trailing edge and the bottom edges were parallel to the water surface 

°^ an ? ed for eaoh Of attack so that the bottom 

edges of the plates remained parallel to the water surface. 
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The investigation was made in Langley tank no. 1. A description 
of the tank and the apparatus used in the test is presented in refer- 
ence 5. For these tests the airfoils were attached to the towing gear 
by a single streamline strut as shown in figure 2. Lift, drag, and 
pitching moment were measured by three external strain gages. The 
pitching moment was measured about a pivot point on the gear above the 
airfoil and then transferred to the moment center at the quarter chord 
on the lower surface (fig. l) . All tests were made at a forward speed 
of 72 feet per second, which corresponded to a Reynolds n um ber 
of 1,840,000. Data were obtained through an angle-of-attack range from 
-6 to 18 at heights of the trailing edge of the airfoil above the 
water surface ranging from 0.015 chord to 2 chords. The height varia- 
tion was obtained by changing the water level in the towing tank as 
well as by raising and lowering the airfoil through a limited range. 


RESULTS AND DISCUSSION 


The results showing the effect of the ground on the aerodynamic 
characteristics of the aspect-ratio- 1 airfoils are presented in fig- 
ures 3 and 4. The variations of C D , a, and with C L for the 

22-percent-thick airfoil and for the 11-percent- thick airfoil with and 
without end plates are presented in figure 3 for a range of height-to- 
span ratios. The variation of C L , C D , and C m with height, of the 

trailing edge of the airfoil above the ground is presented in figure 4 
for several angles of attack. Lines of constant height of the quarter- 
chord point are also shown in this figure. 


Lift 

The data of figure 3 show that, at small angles of attack, the 
lift-curve slope increased as the ground was approached. This increase 
in lift-curve slope was accompanied by a change in the angle of attack 
for zero lift. As the ground was approached, the angle of attack for 
zero lift became progressively less negative. 

The lift for both the 11-percent- thick and 22- percent- thick air- 
foils near an angle of attack of 0° was essentially invariant with 
height of the airfoil above the ground. At positive angles of attack, 
the lift was increased as the ground was approached, whereas at negative 
angles of attack, the lift was decreased. These results suggest that 
the increase in lift at a given positive angle of attack, as the ground 
was approached, may be due to the ram air on the lower surface which 
increased the positive pressure on that surface. Pressure-distribution 
data presented in reference 6 for a wing with an aspect ratio of 5 
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the “ Crease ln llft at Positive angles of attack was due 
to an increase in lower surface pressures; the upper surface pressures 
were essentially unaffected as the distance above the ground was changed. 

The loss in lift as the ground was approached at a given negative 
angle Of attack apparently was due to venturi action which increased the 
negative pressures on the lower surface as the ground was approached. 

The pressure-distribution data of reference 6 show the rapid increase 
in negative pressures on the lower surface near the airfoil leading edge 

were esfenttanv S u^af?° a ffh again the u PP er ^face Pressures 

tLse negal>e 'L^es 7 “ helght ^ the g “ at 

pare fiL^fhl^ns “ fb obtained b y tbe airfoil with end plates (com- 
pare figs. 3(b) and 3 (c)) apparently was due to tte reduction of flow 

out at the tips of the airfoil, which greatly increased the ram- pressure 
ground. ^ ^ U ^ SUrfaCe ’ ab lights very near the 

Near an angle of attack of 0°, the lift coefficient for the 
22-percent-thick airfoil (fig 3 (a)) was approximately twice that for 
the 11-percentTthick airfoil (fig. 3 (b)). For the 11-percent- thick 
5 ° U ’ tbe llft coefficient was only about 0.15. These low lift 
coefficients near an angle of attack of 0° and the fact that lift was 
essentially invariant with height at this attitude suggest the desir- 

• w lll s y l . 0f operatln S a ground-effect machine which has an airfoil- 
shaped body at positive angles of attack so that a reasonably high 
operating lift coefficient may be obtained. A further reason for 
operating a ground-effect machine only at positive angles of attack can 

be . 86611 ln flgure 15168,5 data graphically show that a reduc- 
tion in height caused a loss in lift at negative angles of attack and 
an increase in lift at positive angles of attack, iris lift charaSer- 
istic would provide stability of height at positive angles of attack 

^-it e Jh USe ° f venturi actlon at negative angles of attack would 
limit the operating range of angles of attack to positive values. 


Pitching Moment 

The data of figure 3 show that the pitching moments became less 
negative at an angle of attack of 0° as the ground was approached. The 
pitching-moment data also show that, for positive angles of attack, the 
static longitudinal stability was increased as the height above the 

reduced ' increase in stability apparently resulted 

om the ram pressure on the lower surface of the airfoil. As the 
ground was approached, the increase in lift due to the ram pressure was 
distributed more or less uniformly over the lower surface. P (This effect 
is shown m ref. 6.) The center of this lift increment was, therefore 
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near the half- chord point and thus tended to move the center of total 
lift (aerodynamic center) aft and thereby increase the longitudinal 
stability. This effect was particularly noticeable for the airfoil 
with end plates (fig. 3(c)). 


Drag 

The data of figure 3 show the effects of the ground on drag. As 
the ground was approached, the induced drag was reduced although the 
profile drag remained essentially constant for each airfoil. Near the 
ground, the addition of end plates to the 11-percent-thick airfoil 
resulted in a large decrease in the induced drag. (Compare figs. 3(b) 
and 3(c) . ) 


Lift- Drag Ratio 

The' results showing the effect of the ground on lift-drag ratios 
of the airfoils are presented in figures 5 and 6. Lift-drag ratios are 
plotted against lift coefficient in figure 5 for various heights of the 
trailing edge above the ground and in figure 6 for various heights of 
the quarter chord above the ground. The angle of attack for maximum 
L/D was about 2.5° for both the 22- percent- thick and 11- percent- thick 
airfoils. The addition of end plates increased the angle of attack for 
maximum L/D to about 3°. Maximum lift-drag ratios have been obtained 
from figures 5 and 6 and are plotted against "height- to- span ratio in 
figure 7. A reduction in thickness from 22- percent to 11-percent chord 

increased the value of L/D approximately k-5 percent at = 2.00 

b 

(no ground effect) and approximately 55 percent when the airfoil was in 

close proximity to the ground = 0.015^. This increase was largely 

due to the lower profile drag of the thinner airfoil. The addition of 
end plates to the 11-percent-thick airfoil resulted in a large increase 
in L/D when the airfoil was in close proximity to the ground because 
of the increase in lift caused by the increase in ram pressure. The 
effect of end plates became negligible when the trailing edge was 15 per- 
cent of the span above the ground or when the quarter chord was 25 per- 
cent of the span above the ground. 

The theoretical treatment of ground effect presented by Wieselsberger 
in reference 7 indicates a method for predicting the reduction in induced 
drag for a wing at various heights of the quarter chord of the wing above 
the ground. According to reference 7, the reduction in induced drag of 
a monoplane in ground effect is given by the equation 
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ACj)i = -a 



where a is defined as the ground influence coefficient. At values of 
h/b between 0.033 and 0 . 25 , cr may be obtained from the following 
formula: ° 


1 - 1.32 £ 

D 

1.05 + 7 -^ - 


where h in the present investigation is equal to one-half the quantity 
h defined in reference 7. The variation of a with h/b (for h as 
defined in the present investigation) is shown in figure 8. 

• 

^ The results of the present investigation are compared with theory 
in figure 9, where the ratio of maximum L/D in ground effect to maximum 
L/D out of ground effect is plotted against height- to- span ratio at the 
airfoil quarter chord. At maximum values of the lift-drag ratio, the 

theory of reference 7 reduces to the following formula (for finite aspect 
ratio): 

(k/D)max _ 1 

(kAOoo, max /l - o 

The theory is plotted as a solid line. The dashed portion of the curve 
represents the range of values of h/b for which the author of refer- 
ence 7 considered the theory inapplicable ^0.033 < ji < 0.25^. The agree- 
ment between experiment and theory appears to be generally good for the 
airfoils without end plates. 

Data for the aspect-ratio- 1 wing of reference 3 are shown in fig- 
ure 9 for comparison with data from the present investigation. Data 
from the two investigations of aspect- ratio- 1 airfoils without end 
plates appear to be in generally good agreement. Although only limited 
data were available for the model with end plates from reference 3, the 
effect of end plates on lift-drag ratio was considerably less than* that 
of the model with end plates from the present investigation. The reason 
for this lack of agreement between the two sets of data is not known. 

The wind-tunnel data of reference 3, however, were obtained at a much 
lower Reynolds number than the present investigation, and the end plates 
were applied in a somewhat different manner. 
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CONCLUSIONS 


The results of an investigation of the effect of ground proximity 
on the aerodynamic characteristics of aspect-ratio-1 airfoils led to 
the following conclusions: 

1* As "the ground was approached, the airfoils experienced an 
increase in lift-curve slope and a reduction in induced drag; thus, an 
increase in lift-drag ratio resulted. The agreement between experiment 
and Wieselsberger’s ground-effect theory appears to be generally good 
for the airfoils without end plates. 

2 . Near the ground, the addition of end plates to the airfoil* 
resulted in further increase in lift-curve slope and reduction in induced 
drag which resulted in a large increase in lift-drag ratio. 

• 

5 * As the ground was approached, the profile drag remained essen- 
tially constant for each airfoil. 

k. At positive angles of attack, the static longitudinal stability 
was increased as the height above the ground was reduced. 

5 *. The lift characteristics of the airfoils indicated stability of 
height at positive angles of attack and instability of height at nega- 
tive angles. These characteristics would limit the operating range of 
angles of attack to positive values. 


Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Air Force Base, Va., August 11 , 1961. 
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Station, 

percent 

chord 

Airfoil ordinates 
percent chord 

Upper 

Lower 

0 

8.86 

8.86 

1.25 

12.21 

6.03 

2.5 

13.81 

4.79 

5 

15.98 

3.33 

7.5 

17.65 

2.35 

10 

18.92 

1.72 

15 

20.72 

.75 

20 

21.68 

.28 

30 

22.13 

0 . 

4o 

21.13 

0 

50 

19-20 

0 

60 

16 . 64 

0 

70 

13.35 

0 

80 

9.43 

0 

90 

5.00 

0 

95 

2.57 

0 

100 

0 

0 



(a) 22-percent- thick airfoil. 


Station 

percent 

chord 

Airfoil ordinates, 
percent chord 

Upper 

Lover 

0 

4.43 

4.43 

1.25 

6.10 

3.02 

2.5 

6.90 

2. 40 

5 

7-99 

1.66 

7-5 

8.82 

1.18 

10 

9.46 

.86 

15 

10.36 

.38 

20 

10.84 

.14 

30 

11.06 

0 

40 

10.56 

0 

50 

9.60 

0 

60 

8.32 

0 

70 

6.68 

0 

80 

4.72 

0 

90 

2.50 

0 

95 

1.28 

0 

100 

0 

0 



(b) 11- percent- thick airfoil 

Figure 1.- Airfoil sections, ordinates 


with end plates. 

and principal dimensions. 
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(a) 22-percent- thick airfoil. 



(b) 11-percent- thick airfoil with end plates. L-61-5064 

Figure 2.- Riotographs of airfoils and setup on towing carriage in 

Langley tank no. 1. 



‘ (a) 22-percent-thick airfoil. 

Figure 3*- Aerodynamic characteristics of aspect- ratio- 1 airfoil at various height- to -span ratios. 
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(b) 11-percent- thick airfoil. 




Figure 3 .- Continued 
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(b) 11-percent- thick airfoil. 
Figure 4. - Continued. 
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(a) 22-percent- thick airfoil. 


Figure 5 .- Variation of lift-drag ratio with lift coefficient for 
ratio-1 airfoil at various heights of the airfoil trailing edge 
the ground. 6 ^ 
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(b) 11- percent-thick airfoil. 

Figure 5*- Continued. 
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